It is well established that major retinal diseases involve distortions of the retinal neural physiology and blood vascular structures. However, the details of distortions in retinal neurovascular coupling associated with major eye diseases are not well understood. In this study, a multi-modal optical coherence tomography (OCT) imaging system was developed to enable concurrent imaging of retinal neural activity and vascular hemodynamics. Flicker light stimulation was applied to mouse retinas to evoke retinal neural responses and hemodynamic changes. The OCT images were acquired continuously during the pre-stimulation, light-stimulation, and post-stimulation phases. Stimulus-evoked intrinsic optical signals (IOSs) and hemodynamic changes were observed over time in blood-free and blood regions, respectively. Rapid IOSs change occurred almost immediately after stimulation. Both positive and negative signals were observed in adjacent retinal areas. The hemodynamic changes showed time delays after stimulation. The signal magnitudes induced by light stimulation were observed in blood regions and did not show significant changes in blood-free regions. These differences may arise from different mechanisms in blood vessels and neural tissues in response to light stimulation. These characteristics agreed well with our previous observations in mouse retinas. Further development of the multimodal OCT may provide a new imaging method for studying how retinal structures and metabolic and neural functions are affected by age-related macular degeneration (AMD), glaucoma, diabetic retinopathy (DR), and other diseases, which promises novel noninvasive biomarkers for early disease detection and reliable treatment evaluations of eye diseases.
INTRODUCTION
The retina is a component of the neuronal network that conducts preliminary visual information processing before transmission to the brain [1] . The retina is a complex of layered structures, such as the nerve fiber layer, ganglion cell layer, inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear layer, inner segment, outer segment, retinal pigment epithelium and choroid. The major retinal diseases, or endothelial dysfunctions secondary to systemic diseases, can cause retinal dysfunctions that lead to severe vision loss if appropriate treatment is not promptly provided [2] . It is well known that early stages of eye diseases often affect specific retinal layers. Different morphological abnormalities, impaired physiological responses and blood vascular distortions can occur with different eye diseases [3] . Advanced and objective evaluations of retinal physiological functions are important for a better understanding of vision, which will allow better prevention of vision losses, early disease detection and improved treatment evaluation. Evaluation requires continuous monitoring of retinal neural dynamics with high spatial resolution in individual functional layers.
Optical coherence tomography (OCT) provides a noninvasive method for depth-resolved observation of biological structure images with high spatiotemporal resolution. OCT has been extensively used in retinal morphology and physiology studies for the past decade [4] [5] [6] [7] [8] [9] . It has been reported that abnormal functional responses in retinal physiology can be detected prior to morphological changes, such as detectable cell loss and corresponding layer thickness changes in the retina [1] . Therefore, functional evaluation of retinal physiology is important for early detection and reliable treatment assessment of eye diseases. Detection of stimulus-evoked intrinsic optical signals (IOSs) change in the retina can be a high resolution method for objective assessment of retinal neural dysfunction due to eye diseases.
IOSs change generally include all types of stimulus-evoked optical property changes, such as transient light scattering, polarization, and absorption fluctuations in excitable tissues and cells. Dynamic optical changes can be produced by Mirror stimulus-evoked neural activity as well as subsequent hemodynamic and metabolic changes. Several groups have reported OCT recording of stimulus-evoked IOSs and hemodynamic changes [8, [10] [11] [12] [13] [14] [15] . Robust IOSs change at photoreceptor outer segments were consistently observed using OCT [12] . Comparative OCT imaging of normal and mutant mouse retinas revealed IOSs distortion in diseased retinas [16] . One injured frog eye model was used to demonstrate IOSs mapping of localized retinal dysfunction [17] . Both in vitro and in vivo studies have shown that fast IOSs have different polarities and mainly originate from the photoreceptor outer segments in the retina. Light stimulusevoked hemodynamic changes have also been demonstrated in the retina using time-lapse OCT angiography, which is a functional extension of OCT [3] . Parafoveal retinal blood flow changes have been reported by visual stimulation with a reversing checkerboard pattern using the split-spectrum amplitude-decorrelation angiography (SSADA) algorithm [13] . Doppler Fourier-domain OCT has been used to investigate total retinal blood flow changes. Total retinal blood flow was measured by summing flows in veins imaged in double-circular scans around the optic disc [15] . Doppler OCT and OCT angiography of stimulus-evoked hyperemia were demonstrated in the rat inner retina [18] . The retinal blood flow, diameter and velocity changes were measured using Doppler OCT and fundus imaging with variations in light stimulation and oxygen levels. This study also reported that neural activity increases when the retina is subjected to flickering light stimulation [14] . All of these studies used flickering light stimulation to evoke hemodynamic changes. It is known that flickering light stimulation evoked blood flow response changes in vascular diseased eyes, and thus the measurement of flicker-induced blood flow responses suggests noninvasive detection of functional microvascular alterations [19] .
To the best of our knowledge, there is no study that has observed IOSs and hemodynamic changes simultaneously. In this study, a multi-modal OCT imaging system was developed to enable concurrent imaging of retinal neural activity and vascular hemodynamics. Flicker light stimulation was applied to mouse retinas to investigate subsequent retinal neural responses and hemodynamic changes in individual retinal layers and different retinal areas such as large vessel, capillary and blood-free regions. Figure 1 shows a schematic diagram of the custom-designed spectral domain OCT. A wide bandwidth (Δλ = 100 nm) near infrared superluminescent diode (SLD) with a central wavelength λ of 850 nm was used as a light source to achieve high axial resolution (~ 3 µm). The light splitting ratio between sample and reference arms was 75/25. A glass plate was placed in the reference arm for dispersion compensation. Two scanning mirrors, conjugated to the eye pupil, were used to produce two-dimensional OCT imaging. A custom-designed spectrometer was used to acquire OCT interferograms. The line CCD camera provided a line rate up to 70,000 Hz corresponding to a B-scan frame speed of 35 frames/s and 112 frames/s, as shown in Figure 2 and Figure 3~4 , respectively. The oversampling factor (OF) of the tomograms was calculated to minimize in-frame image blur and between-frame displacement, and thus minimized the effect of eye movements, which enabled robust observation of transient blood flow responses correlated with retinal light stimulation [14] . The OF was defined as OF = w · N/d, where w is the spot size, N is the number of sampling points, and d is the geometric width of the tomogram. In this study, we used N = 2,000 sampling points for an OCT B-scan image, and a scan width of ~9.42 mm, leading to an OF of ~2.55. The OCT illumination power on the mouse cornea was measured to be approximately 0.9 mW. A green LED was coupled into the imaging system with a beam splitter as a retinal light stimulator.
MATERIALS AND METHODS
The study followed the Association for Research in Vision and Ophthalmology statement for the use of animals in ophthalmic and vision research. All experiments were performed following the protocols approved by the Animal Care Committee (ACC) at the University of Illinois at Chicago. Wild type mice (strain C57BL/6J, acquired from the Jackson Laboratory) that were 8 ~ 10 weeks old were used in this study. Anesthesia was induced by a mixture of ketamine and xylazine, injected intraperitoneally. A custom designed animal holder with an ear bar and a bite bar were used to minimize movement during imaging. Ophthalmic mydriatics were applied to the eye and a cover glass along with gel was placed on the eyeball to work as a contact lens to improve image resolution and image quality by reducing optical aberrations of the mouse eye.
The experiment was conducted in a dark room with the ambient light blocked. The mice were dark adapted for 1-2 hours prior to the experiment. A 10 Hz light stimulation was applied to the retina (mean illuminance of ~460 lux at the cornea, 100% contrast). The OCT measurements were carried out centered at the optic nerve head to extract both large vessel (artery and vein) and capillary areas simultaneously using a circular scanning method and the selected area was carefully maintained by a micro-translation stage in the animal holder in each experiment. The total OCT measurement time was 30 s in each session, including a 3 s pre-stimulation phase, a 5 s light stimulation phase and a 22 s post-stimulation phase. The OCT recording was performed continuously during the entire session.
The acquired data were processed to obtain both IOSs and hemodynamic changes with custom-designed software written in Matlab. OCT images were reconstructed from spectrum data and bulk motion was compensated with an image registration algorithm. The OCT images were used to calculate IOSs change with units of ΔI/I, where I is the averaged intensity of pre-stimulation images, pixel by pixel, and ΔI is intensity difference between post-stimulation and prestimulation intensity of each pixel. The image sequence of ΔI/I was reconstructed to show the stimulus evoked transient IOSs change in the retina. The OCT angiography images were computed using the speckle variance (SV) calculation method. The hemodynamic changes were generated as ΔSV/SV, where SV was the averaged SV determined from the pre-stimulation depth scans and ΔSV was the difference between the SV intensity of each frame and the averaged SV determined from the pre-stimulation depth scans. The hemodynamic image sequence indicated the SV changes relative to baseline (pre-stimulation recording). A detailed data processing procedure has been reported previously [3, 12] . Doppler OCT, which is not shown in the results, was calculated to differentiate large blood (artery and vein) vessels from capillaries. Figure 2 . Enface OCT (A) and OCT angiography (B) image of a mouse retina across the optic nerve head (ONH). The red circle shows the scanning area (radius = 1 mm) for the experiment shown in Figure 3 . Scale bars indicate 500 μm.
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The enface OCT image revealed large blood vessels ( Fig. 2A ) and the red line shows the circular scanning area around the optic nerve head for the experimental measurements shown in Figure 3 . The radius of the red circle line was ~ 1 mm. The enface OCT angiography image revealed dense vascular information on both large vessels (artery and vein) and capillaries (Fig. 2B) . Figure 3A shows a OCT B-scan image with a circular scanning pattern, as explained in Figure 2 , which illustrates the structural information of the retina without blood flow information in individual functional layers. The IOSs images (Fig. 3B ) demonstrated dynamic IOSs change in individual layers over time. IOSs were observed in different retinal layers and onset times were slightly different in inner and outer segments after stimulation delivery. IOSs from photoreceptor outer segments and the inner retina were observed within 2 seconds (Fig. 3B1) and 4 seconds (Fig. 3B2) after stimulation delivery, respectively. In Figure 5A , robust rapid IOSs were observed from ISe/OS segments immediately after stimulation delivery and unambiguous IOSs change, with a delayed time course, were also observed from the inner plexiform layer (IPL) and outer plexiform layer (OPL) in the retina. The blood information, including blood flow, vessel size and location, was clearly observed in OCT angiography images at individual functional layers, such as the IPL and OPL (Fig. 4A) . Dynamic OCT angiography images (Fig. 4B ) demonstrated hemodynamic angiographic changes in large vessel and capillary regions over time. The hemodynamic angiographic changes observed within 2 s (Fig. 4B1 ) and 4 s (Fig. 4B2) reached their maximum within 10 s (Fig. 4B5) after the stimulus onset in the large vessel and capillary regions, respectively. The blood-free region did not show significant changes over time. In Figure 5B , the dynamic angiographic changes occurred at 1.4 s and 3.7 s and reached their maximum at 2.3 s and 10.4 s after the stimulus onset in the large vessel and capillary regions, respectively. The hemodynamic changes in blood-free regions showed slight changes compared to the vessel regions. 
DISCUSSION
In this study, a custom-designed functional OCT was developed and validated to demonstrate the feasibility of concurrent imaging of IOSs and hemodynamic changes evoked by flickering light stimulation. The robust IOSs were observed as early as 28 ms at outer segments after the stimulation onset [ Figs. 3 and 5A]. These IOSs change exhibited an excellent correlation with our previous results [2, 12] . A custom-designed OCT with a high spatiotemporal resolution revealed robust IOSs as early as 1.1 ms after retinal stimulation in in vivo structural and functional imaging of the mouse retina. Also, it showed precise identification of the anatomic sources of IOSs. The fast IOSs were predominantly confined to the photoreceptor outer segment after the light stimulation onset. These IOSs change can be explained by cell swelling, shrinkage and membrane depolarization resulting from the ionic fluxes. Because these transitions were produced by ionic fluxes, they were associated with membrane polarization, which is supported by the voltage dependence on the amount of light scattered by Aplysia axons during action potentials [1] . However, the onset time was slightly different compared to our previous study. This might result from differences in the system sensitivity and temporal resolution. Slow IOSs were also unambiguously observed from the inner retinal layers (IPL and OPL) [ Figs. 3 and 5A]. The slow IOSs may involve complications of nonlinear information processing in the retina as well as retinal adaptation to the stimulation conditions. Light-induced hemodynamic changes may also partially contribute to slow IOSs.
The hemodynamic changes in large vessel, capillary and blood-free regions showed different responses after simulation delivery [Figs. 4 and 5A] . Most significant responses were observed from the large vessel and capillary regions. These differential hemodynamic responses may be due to the differences in neuronal metabolic demands. Major blood vessels on the retinal surface, such as arteries and veins, could be dilated by flickering light stimulation to produce increased blood flow to meet increased oxygen and glucose needs of active neurons in the inner and middle retinal layers [20] . The oxygen and nutrients were supplied to synapses in the inner plexiform retina and OPL by blood vessels in the intermediate layer and deep layer, respectively. Also, synapses in both layers can be activated by stimulation conditions [20, 21] . We speculate that the IOSs change in the IPL and OPL mostly resulted from the hemodynamic changes. Further investigation of the hemodynamic changes in arteries, veins and capillaries at different retinal layers is required to understand the origination of the observed slow IOSs.
In summary, this study demonstrated the feasibility of imaging time resolved IOSs and hemodynamic responses simultaneously in response to flickering light stimulation. The fast photoreceptor IOSs may be attributed to the early stage of photo-transduction before hyperpolarization of the retinal photoreceptors [22] . The hemodynamic responses at different regions, probably due to different metabolic demands, showed significant increases in the large vessel and capillary regions but showed no significant changes in the blood-free region. Further investigation is required to achieve an in depth understanding of the IOSs sources and mechanisms in the inner retina, which may lead to a new method to advance the study and diagnosis of glaucoma and other eye diseases that may affect inner retinal functions. 
